1. Introduction {#sec1}
===============

Western diets that consist of high levels of fat have been closely related to dyslipidemia, obesity, and the induction of insulin resistance \[[@B1]--[@B3]\]. Fat contains more energy per unit weight than carbohydrates or proteins and, as a result, high-fat diets bring in more energy than low-fat diets at the same unit weight, leading to obesity. In addition, diets with a higher fat energy ratio are more likely to induce obesity even if the total daily energy is the same \[[@B4]\]. There have been reports that obese individuals have a higher preference for consuming fat than non-obese individuals \[[@B5]--[@B7]\]. Therefore, it may be important to decrease fat consumption and to correct the food preference for fat in the prevention and treatment of obesity and obesity-related metabolic disorders.

Microsomal triglyceride transfer protein (MTP) plays a pivotal role in the mobilization and secretion of triglyceride-rich chylomicrons in the enterocytes and very low-density lipoproteins (VLDL) in hepatocytes \[[@B8]--[@B10]\]. In particular, intestinal MTP plays a critical role in the absorption of dietary lipids, such as fat and cholesterol \[[@B11]\]. JTT-130, \[diethyl-2-({3-dimethylcarbamoyl-4-\[(4′-trifluoromethylbiphenyl-2-carbonyl)amino\]phenyl }acetyloxymethyl)-2-phenylmalonate\], a novel intestine-specific MTP inhibitor, was designed to be rapidly hydrolyzed and inactivated by the cleavage of the ester group in the structure immediately after intestinal absorption in order to avoid inhibition of hepatic MTP resulting in hepatic steatosis \[[@B12]\]. In our previous reports, we showed that JTT-130 may be useful in the prevention and treatment of dyslipidemia \[[@B12]\], obesity \[[@B13]\], and type II diabetes \[[@B14]\] in animals. In particular, JTT-130 showed food suppressive effect in a dietary fat-dependent manner in rats fed with diets differing in fat content \[[@B15]\]. As the mechanism of action, we already demonstrated that this effect may be attributed to free fatty acids that have accumulated in the gastrointestinal tract as a result of inhibition of fat absorption. Recently, the gastrointestinal tract, which is the largest endocrine organ in the body, has been observed as playing important roles in the regulation of energy homeostasis, as well as maintaining its primary function in the digestion and absorption of nutrients \[[@B16]--[@B18]\]. Therefore, we postulated that JTT-130 may change food preference and nutrient consumption, in addition to reducing food intake. However, there has been no information to date about the effect of other MTP inhibitors on food preference. In this study, to test our hypothesis, we administered JTT-130 to rats with free access to two diets, one containing 3.3% and the other 35% fat, and determined each diet intake every day to analyze macronutrient consumption.

2. Materials and Methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

JTT-130, diethyl-2-({3-dimethylcarbamoyl-4-\[(4′-trifluoromethylbiphenyl-2-carbonyl) amino\]phenyl} acetyloxymethyl)-2-phenylmalonate, was synthesized by Japan Tobacco Inc. (Osaka, Japan). All other reagents used in this study were obtained commercially.

2.2. Animals and Diets {#sec2.2}
----------------------

Male Sprague-Dawley rats (six weeks) were obtained from Charles River Japan Inc. (Yokohama, Japan) and maintained at a room temperature of 23 ± 3°C and an air humidity of 55 ± 15% in a 12-/12-hour light/dark cycle (lights on at 8:00 AM; lights off at 8:00 PM). Animals were given free access to water and experimental diets ([Table 1](#tab1){ref-type="table"}). The diets were a 3.1% fat diet, a 3.3% fat diet (LF diet) and a 35% fat diet (HF diet) obtained from Oriental Yeast Co., Ltd. (Tokyo, Japan) or Research Diets Inc. (New Brunswick, NJ). After acclimation under these conditions over 2 weeks, the rats were randomized into the control or JTT-130 treatment group by matching food intake, total caloric intake, ratio of HF diet to total caloric intake, body weight, and levels of body weight gain. All procedures were conducted according to the Japan Tobacco Animal Care Committee\'s guidelines.

2.3. Evaluation of Food Intake and Body Weight {#sec2.3}
----------------------------------------------

Rats were individually housed and given free access to LF and HF diet, and the following experiment was conducted. The rats were given vehicle (0.5% methylcellulose solution) or JTT-130 at a dose of 10 mg/kg orally once daily (before the start of the dark cycle) for seven days, followed by a one-week recovery period. Before and during the treatment period and during the recovery period, LF and HF diet intake were determined daily before the start of the dark cycle. In addition, body weight was measured during the treatment period, and body weight gain was calculated.

2.4. Analysis of Caloric Intake and Macronutrient Consumption {#sec2.4}
-------------------------------------------------------------

Before and during the treatment period and during the recovery period, total caloric intake was calculated from the intake of two different diets and the respective caloric contents per unit weight ([Table 1](#tab1){ref-type="table"}). The ratio of LF and HF diet intake was calculated as the ratio of caloric intake from each diet to total caloric intake. In addition, consumption of fat, carbohydrate, and protein was calculated from each diet and the content ratio of each component.

2.5. Statistical Analysis {#sec2.5}
-------------------------

Data are presented as means ± S.E. Statistical analysis was performed using SAS systems, version 8.2 (SAS Institute, Cary, NC). If equality of variances was indicated by an *F*-test, statistical analysis was performed using Student\'s *t*-test. If equality of variances was not indicated by an *F*-test, statistical analysis was performed using Welch\'s *t*-test. A *P* value \<0.05 was considered statistically significant.

3. Results and Discussion {#sec3}
=========================

3.1. Effects of JTT-130 on Food and Caloric Intake from LF and HF Diets {#sec3.1}
-----------------------------------------------------------------------

As shown in [Figure 1](#fig1){ref-type="fig"}, treatment with JTT-130, which is an intestine-specific MTP inhibitor, led to a reduction in food intake in rats fed a 35% (w/w) fat diet, but not in rats fed a 3.1% (w/w) fat diet. This effect was consistent with the previous finding in which JTT-130 suppressed food intake in a dietary fat-dependent manner \[[@B15]\]. In addition, the major metabolite of JTT-130 did not reduce the food intake at doses up to 30 mg/kg in rats fed a 35% (w/w) fat diet (data not shown).

To investigate the effect of JTT-130 on food preference, we administered JTT-130 to rats with free access to two diets containing 3.3% (w/w) fat and 35% (w/w) fat (LF and HF diet) ([Table 1](#tab1){ref-type="table"}) and determined LF and HF diet intake every day to analyze macronutrient consumption. Before treatment with JTT-130, rats preferred the HF diet to the LF diet. A greater daily caloric intake from the HF diet was observed in both the control (90.4%) and JTT-130 (90.2%) groups, with no differences observed between the two groups ([Table 2](#tab2){ref-type="table"} and Figures [2](#fig2){ref-type="fig"} and [3(a)](#fig3){ref-type="fig"}). This higher preference for the HF diet in our experiment was consistent with the previous report wherein rats were shown to have a higher preference for fatty diets \[[@B19], [@B20]\].

During the seven-day treatment with JTT-130, there were no apparent changes from baseline in food intake in the control group, with an intake ratio of 10.0 ± 2.3% for the LF diet and 90.0 ± 2.3% for the HF diet ([Table 2](#tab2){ref-type="table"} and Figures [2](#fig2){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}). In the JTT-130 group, food intake was characterized by decreased HF diet intake and increased LF diet intake compared with the control group ([Table 2](#tab2){ref-type="table"} and Figures [2](#fig2){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}), with an intake ratio of 32.9 ± 3.8% for the LF diet and 67.1 ± 3.8% for the HF diet, showing that JTT-130 decreased the HF diet intake ratio to total caloric intake ([Figure 3(b)](#fig3){ref-type="fig"}). In addition, total caloric intake during this period was 100.3 ± 3.4 kcal/day in the control group and 82.3 ± 2.1 kcal/day in the JTT-130 group, which significantly decreased after treatment with JTT-130 (*P* \< 0.01) ([Figure 4(b)](#fig4){ref-type="fig"}).

3.2. Effects of JTT-130 on Macronutrient Consumption {#sec3.2}
----------------------------------------------------

Since the results showed that JTT-130 changed the intake ratio of LF and HF diets, nutrient consumption was analyzed according to the following nutrient components: carbohydrates, proteins, and fats ([Table 1](#tab1){ref-type="table"}). Fat consumption was 5.9 ± 0.2 g/day in the control group and 3.9 ± 0.2 g/day in the JTT-130 group, showing that JTT-130 significantly decreased fat consumption ([Table 3](#tab3){ref-type="table"}). On the other hand, JTT-130 had no effect on carbohydrate consumption and slightly decreased protein consumption ([Table 3](#tab3){ref-type="table"}). Since protein content (w/w (%)) was the same in both LF and HF diets, the decrease in protein consumption was presumably caused by a decrease in total food intake after treatment with JTT-130 and not by direct alteration of the protein preference. These results demonstrated that JTT-130 specifically decreased the fat preference. In our previous report, we demonstrated that the food suppressive effect of JTT-130 may be attributed to free fatty acids that have accumulated in the gastrointestinal tract \[[@B15]\]. Recently, several receptors that are activated by free fatty acids in the gastrointestinal tract have been identified in other studies, and these receptors reportedly play important roles in nutrition regulation \[[@B21], [@B22]\]. Furthermore, infusion of fatty acids into the intestine has been shown to reduce the food preference for fat \[[@B23]\]. Although further studies are needed to clarify the mechanism of action, it is possible that free fatty acids which have accumulated in the gastrointestinal tract as a result of the inhibition of fat absorption may contribute to the decrease in fat preference after treatment with JTT-130.

3.3. Effects of JTT-130 on Body Weight Gain {#sec3.3}
-------------------------------------------

To evaluate the effect of JTT-130 on body weight due to total caloric intake, body weight was measured during the treatment period. JTT-130 significantly inhibited increases in body weight, and body weight gain observed during the treatment period was 50.7 ± 2.4 g in the control group and 37.4 ± 2.0 g in the JTT-130 group (*P* \< 0.01). Interestingly, food efficiency during the treatment period also significantly decreased in the JTT-130 group (*P* \< 0.05) compared with that of the control group (control group, 7.16 ± 0.21 g/100 kcal; JTT-130 group, 6.30 ± 0.27 g/100 kcal). These results indicate that inhibition of body weight gain by JTT-130 may be due to the previously reported increase in fecal excretion of fatty acids resulting from the inhibition of triglyceride (TG) absorption \[[@B12], [@B15]\], in addition to the decrease in total caloric intake.

3.4. Post-treatment Changes after Treatment with JTT-130 {#sec3.4}
--------------------------------------------------------

To evaluate whether the change in LF and HF diet intake observed during the treatment period with JTT-130 was reversed by discontinuation of JTT-130 treatment, LF and HF diet intake were measured for seven days following the cessation of treatment. During the seven-day recovery period, LF and HF diet intake and the ratio of LF and HF diet intake in the JTT-130 group tended to recover to a rate similar to what was observed in the control group (Figures [2](#fig2){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). In addition, total caloric intake in the JTT-130 group recovered to a similar level to what was observed in the control group ([Figure 4(c)](#fig4){ref-type="fig"}), and no significant differences were seen between the groups. These results suggest that the JTT-130-induced decrease in fat preference may be due to a decreased attractiveness of consuming fat rather than an avoidance response associated with taste aversion.

There were no differences in total caloric intake in the recovery period between the control and JTT-130 groups, showing that total caloric intake did not increase after discontinuation of treatment with JTT-130 ([Figure 3(c)](#fig3){ref-type="fig"}). When compared with a central anti-obesity agent such as sibutramine, which is a serotonin-noradrenaline reuptake inhibitor (SNRI) that is associated with a "rebound phenomenon" or increased food intake after discontinuation of treatment \[[@B24], [@B25]\], the same phenomenon was not observed with discontinuation of JTT-130 treatment.

3.5. Differences between JTT-130 and Existing Anti-Obesity Agents {#sec3.5}
-----------------------------------------------------------------

In the present study, we have shown that JTT-130 specifically reduced the food preference for fat accompanied with a decrease in total caloric intake. As compared with existing anti-obesity agents in terms of the effect on food preference, sibutramine decreases both carbohydrate and fat consumption \[[@B26]\], showing that this agent has a different profile from that of JTT-130. Postmarketing surveillance studies of sibutramine showed that treatment with this agent increased cardiovascular risk, leading to a decision from the European Medicines Agency (EMA) and the US Food and Drug Administration (FDA) to withdraw the product from the market. Therefore, development of safer anti-obesity agents is necessary. Orlistat is known to reduce fat absorption by lipase inhibition and is used as an anti-obesity agent. However, orlistat does not decrease body weight as effectively as what is expected for the degree of fat malabsorption. This phenomenon is partly attributed to the compensation of energy loss due to the inhibition of fat absorption with increased energy intake \[[@B27]\]. In fact, we showed that orlistat increased cumulative food intake in high-fat diet-fed rats with suppressed food intake due to JTT-130 treatment \[[@B15]\]. Another report has also demonstrated that orlistat decreased fat preference. The authors proposed that orlistat might reduce the attractiveness of consuming fat due to fat malabsorption, although the mechanism remains unknown \[[@B28]\]. In contrast, JTT-130 specifically decreased fat preference without increasing total caloric intake. Moreover, orlistat has been shown to increase carbohydrate and protein consumption in a compensatory manner and, thus, also increase total caloric intake \[[@B28]\]. These findings indicate that JTT-130 and orlistat have different effects on energy intake and food preference, although both inhibit fat absorption locally in the gastrointestinal tract. After administration of orlistat, ingested fats may be found primarily in the form of TG in the intestinal lumen. After administration of JTT-130, in comparison, increases in TG and free fatty acids in the intestinal lumen and increases in TG in the small intestine tissue are observed \[[@B15]\]. These differences in types and amounts of ingested fats in the gastrointestinal tract may result in different effects of these compounds on food intake and food preference.

In conclusion, we have demonstrated that JTT-130, an intestine-specific MTP inhibitor, specifically decreases total caloric intake by reducing the preference for fat without changing the preference for carbohydrates, resulting in a reduction in body weight gain. After discontinuing JTT-130 treatment, total caloric intake returns to a similar level as the control and the reducing effect on the food preference for fat disappears. Thus, JTT-130 suppresses food intake with reducing the fat preference in addition to inhibiting fat absorption, suggesting that JTT-130 might be expected to provide a new option for the prevention and treatment of obesity and obesity-related metabolic disorders.
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![Effects of dietary fat on the suppression of food intake by JTT-130. Effect of JTT-130 on the suppression of food intake was assessed as described previously \[[@B15]\]. JTT-130 was administered orally to rats at a dosage of 10 mg/kg after 24 h food deprivation. Rats were allowed to have free access to 3.1% fat (a) or 35% fat (b) diets immediately after JTT-130 dosing. Cumulative food intake was monitored for up to 24 h after dosing JTT-130. Data are presented as means ± S.E. from six animals. \*\**P* \< 0.01 versus control group.](JDR2014-583752.001){#fig1}

![Effect of JTT-130 on LF and HF diet selection during the study period. Rats were allowed to have free access to LF and HF diet. JTT-130 was administered orally to rats at a dosage of 10 mg/kg for seven days. Data are presented as means ± S.E. from ten animals. Open circle: HF diet intake in the control group; closed circle: HF diet intake in the JTT-130 group; open triangle: LF diet intake in control group; closed triangle: LF diet intake in the JTT-130 group.](JDR2014-583752.002){#fig2}

![Effects of JTT-130 on caloric intake ratio from LF and HF diets. Caloric intake ratios were calculated from average daily intake from LF and HF fat dietsduring baseline (a), the treatment period (b), and recovery period (c). Data are presented as means ± S.E. from ten animals.](JDR2014-583752.003){#fig3}

![Effects of JTT-130 on total caloric intake. Total caloric intake was calculated from average daily intake of LF and HF diets during baseline (a), the treatment period (b), and recovery period (c). Data are presented as means ± S.E. from ten animals. \*\**P* \< 0.01 versus control group.](JDR2014-583752.004){#fig4}

###### 

Composition of experimental diets.

  ------------------------------------------------------------------------
  Components             3.3% fat diet \   35% fat diet \           
                         (LF diet)         (HF diet)                
  ---------------------- ----------------- ---------------- ------- ------
  Soybean oil            2.5               225              2.5     225

  Lard                   0.8               72               32.5    2925

  Corn starch            35.148            1406             3.448   138

  Maltodextrin 10        12.5              500              12.5    500

  Sucrose                15.0              600              15.0    600

  Casein                 24.0              960              24.0    960

  L-Cystine              0.30              12               0.30    12

  Cellulose oil, BW200   5.0               0                5.0     0

  t-Butylhydroquinone    0.002             0                0.002   0

  Mineral mix S10022M    3.5               0                3.5     0

  Vitamin mix V10037     1.0               40               1.0     40

  Choline bitartrate     0.25              0                0.25    0

                                                                    

  Total                  100.0             3815             100.0   5400
  ------------------------------------------------------------------------

###### 

Effect of JTT-130 on food intake from LF and HF diets during the experiment.

  Study period   Baseline     Treatment    Recovery                               
  -------------- ------------ ------------ ------------ ------------ ------------ ------------
                 (g/day)                                                          
  LF diet        2.6 ± 0.5    2.4 ± 0.4    2.6 ± 0.6    6.9 ± 0.9    2.8 ± 0.5    6.3 ± 1.1
  HF diet        16.5 ± 0.5   16.6 ± 0.6   16.7 ± 0.6   10.4 ± 0.6   17.6 ± 0.8   15.4 ± 0.8

Food intake from LF and HF diets was presented as average values during baseline, the treatment, and recovery period. Data are presented as means ± S.E. from ten animals.

###### 

Effects of JTT-130 on daily macronutrient consumption during the treatment period.

                 g/day       kcal/day                     
  -------------- ----------- --------------- ------------ ----------------
  Carbohydrate   7.0 ± 0.4   7.7 ± 0.4       28.1 ± 1.5   30.8 ± 1.7
  Fat            5.9 ± 0.2   3.9 ± 0.2\*\*   53.4 ± 2.0   34.7 ± 1.6\*\*
  Protein        4.7 ± 0.2   4.2 ± 0.1\*     18.8 ± 0.7   16.8 ± 0.5\*

Macronutrient analysis was performed as described in [Section 2](#sec2){ref-type="sec"}. The caloric intake from each component was calculated using calories per unit weight of 4 kcal/g of carbohydrates and protein and 9 kcal/g of fat. \**P* \< 0.05; \*\**P* \< 0.01 versus control group.
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